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PREFACE

This report documents the results of a flight test program to

evaluate the effectiveness of ethylene glycol mnanomethyl ether (EGME)

as an anti-earburetor-icing fuel additive. The support for the testing

was provided by the Federal Aviation Administration under contract num-

bur DOT-F'A7l3WA-4165. Mr. J. E. Davis was the Contracting Officer.

Mr. C. R. Ritter acted au Technical Officer, succeeding Mr. W. T. West-

field.

The Principal Investigator for the program was Mr. Richard L. Newman,

who also acted an Project Pilot. Copilots for the testing were Mr. Jack

Crouch, Ms. Caroline Snell, and Mr. Terry Lutz.
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INTRODUCTION

Background

For the pant several years, carburetor ice formation has been one
of the primary enu.es of engine failure in general aviation airplanes.

Carburetor ice is caused by the cooling of moist air within the carbu-

retor and disrupts the flow of fuel and air to the engine. A 1977

report to the FAA(1)* examined the accident records of the NTSB and con-

eluded that: carburetor ice causes approximately 140 accidents per year

within the US. Of these accidents, only half are identified as having

beon so caused.

This same report reviewed the state-of-the-art in carburetor ice

prevontion/elimination and recommended a flight test program as part of'

an overall effort to reduce the impact of carburetor ice on the general

aviation fleet. The present paper is a summary of the results of such a

flight test.

Before describing the results, some introductory paragraphs are

necousary to acquaint the reader with the state-of-the-art. For a

complete summary, the report previously cited is recommended and has

an extensive bibliography.

Accident Statistics. During the period 1969 to 1975, the NTSB files

produced a list of 468 accidents where the probable cause was officially

listed an "engine failure -- carburetor/induction system icing." This

includes 421 accidents to single-engine airplanes, 31 to multi-engine

(airplaneb, and 16 to helicopters and autogyroe. Thewe accidents pro-

duted 41' f'talities, 202 serious injuries, and destroyed 75 aircraft.

In addition to thies accidents, where carburetor ice has been reported,

* Underlined numbers in parenthenes denote references at the end of

the report.
S-,.'. . .. ,, •'" ":: -: 'Y 'I,,;!•,,; • ; i ,''r "; . ?, : ":•I •?ii. - . . . r-" ",,•',!,::.i)., ; ... •;,1 ..•



there are approximately 180 accidents per year caused by engine failure

where the specific cause of the engine failure could not be determined.

It has been suggested elsewhere (2) that a large proportion of these

accidents might be caused by carburetor ice. A review of a sample of

such reports has confirmed this supposition. Reference (1) estimates

that the official number of carburetor ice accidents is low by a

factor of about 100 percent. An annual cout of two million

dollars per year was assigned to the carburetor ice accidents. This

figure is equivalent to 7.20 per flight hour.

Previous Carburetor Ice Studies. For the most part, today's state-

of-the-art in carburetor ice design and prevention stems from the NACA

work of the 1940s. A 1949 NACA report (2) serves as the design guide

for light airplane ice protection today. However, two major develop-

ments since that time have potential bearing on the carburetor ice

problem. These are the application of anti-icing fuel additives or

carburetor coatings and the development of carburetor ice detection

equipment.

In the late 1960s, Gardner and Moon (4) reported on dynamometer tests

with a variety of fuel additives in an attempt to find a solution for

carburetor ice. These tests were all performed using an automotive

engine equipped with a typical updraft aviation carburetor. The

environmental conditions were those equivalent to 40 degree air and

nearly 100% saturation. Yhe two most effective fuel additives were

hexylene glycol and ethylene glycol monomethyl ether (EGME). While

hexylene glycol reduced the formation of carburetor ice more at the

optimum concentration, EGME was much less sensitive to concentration

variations. Accordingly, Gardner and Moan recopnnded that EGME be,

"added to aviation fuel in theproportion of 0.l5%(Oy vQ.um). 1 . ,

Gardnr, and Moon also investigated the *ffect of aqlying Ilippery

coatings to the carburetor surfaces. They used several' proietary

We IN I
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carburetor detergents and a Teflon(R) spray. These produced a slip-

pery coating to which the ice would not adhere. They concluded that

the combination of slippery coatings and EGME would eliminate carbu-

retor ice as a problem. As a result of their recommendation, EGME

may be added to aviation gasoline in Canada on an optional basis.

However, there have been no 'eports of its use in flight since the

dynamometer tests were run in the 1960s.

[GME GM a, been approved for addition to the fuel by the engine manu-

facturers rnd by two airframe companies (Piper and Aero Commander).

It must be pointed out that EGME is quite soluble in water. This

property ensures that the EGME will be absorbed into the condensing

moisture within the carburetor. However, this tendency may influence

the long term storage problems which should be investigated before

routine addition to aviation gasoline becomes common.*

Also marketed within the past few years have been a variety of

carburetor ice detectors. While no independent assessment of these

d•bectors for reliability and effectiveness has been madef they do

hold the promise of enhancing the pilot's ability to detect the onset

of carburetor ice.

Description of Carburetor Icing. There are three types of carburetor

or induction system icing: impact icing, throttle icing, and fuel vapor-

ization icing. Impact icing is formed by moisture laden air striking

K. elements of the intake system at temperatures slightly below freezing.

It is very similar to airframe icing and forms in much the same condi-

tions. Prevention of impact icing is beyond the scope of this report.

The second type of induction system icing, throttle icingo occurs

when moisture in the air condenses and freezes because of cooling

as the air passes through restrictions, such as throttle butterflies,

* EGME is added to all military turbine fuels with no reported storage

problems, so this concern may be overplayed.

.....................--- v-,--
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inlet guide vanes, or venturis. The acceleration of the air pro-

duces a pressure drop which in turn results in a temperature drop.

The temperature drop can approach thirty degrees F in a carburetor

venturi.

Fuel vaporization icing is caused by the cooling resulting from

evaporation of the fuel within the carburetor. As any liquid evap-

orates, a certain amount of heat must be extracted from the surroun-

dings. In a gasoline engine carburetor, the average cooling (based

on a stoichiometric mixture) will be approximately 37 F. The total

cooling in a venturi carburetor, vaporization plus throttling, can

be as much as 70 F, according to Coles' .t al.(3). Because of the

additive effect of vaporization andthrottling cooling, vaporization

icing is especially serious in venturi carburetors.

According to Coles (5), the critical factors for ice formation

are carburetor inlet temperature, humidity, and throttle angle. He

did not find that fuel temperature or the amount of excess free

water was significant. Figure 1, adapted from Coles' report, shows

the regions of serious ice formation (in term of temperature and

dew point) for a venturi carburetor at several power settings.

Operating variables which affect the formation of carburetor ice

include throttle settings, mixture settings, and the use or non-use

of carburetor heat. As we have discussed, power settings requiring

* small throttle openings tend to be more susceptible to ice formation.

* It would seem that flight at high altitudes would have a reduced

tendency to icing because of the large throttle openings required.

Coles mid his co-workers (2) state that the m•xture has a negli-

gible effect on the formation of ice becaume not .all of the fuel is

evaporated within the carburetor stathq lj.pest possible settings. They

' noticed no temperature change within the carburetor as the mixture we*

enriched from thtse.-lanest settings. This i.s i conflict with
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Diblin (6), who says that the mixture ratio can have a very signifi-

cant effect on the rate of carburetor ice formation.

Conclusions Reached in Earlier Report

In the earlier report on carburetor ice (1), several conclusions

were reached concerning steps that should be taken to reduce the

number of carburetor ice accidents. A three-fold prograw was

recommended.

Fuel Additive Study. The most promising single solution cited

was the fuel additive work begun by the Canadians Gardner and Moon (4).

Their primary recommendation was to add 0.15% (by volume) of EGME to

aviation gasoline. Secondary recommendations included the further

addition of carburetor detergents or the use of a Teflon(R) coating

on carburetor parts to minimize adhesion of the ice. Several

developmental tests were recommended to validate Gardner and Moon's

conclusions:

1. Conduct further testing to ensure that EGME

will be effective at temperature and humidity

conditions beyond those already tested (40 F

and nearly saturated air);

2. Extend the tests of EGME to determine if the addi-

tive will remain effective at reduced concentrations;

3. Perform an in-flight validation of EGME in a typical

general aviation airplane;

4. Conduct a long term study to ensure that EGME will

not prove harmful to the engine over a long period

of use; and

5. Dtermine the extont Qf the storage, problem, if any,

if EGNE is added to aviation gasoline at the refinery

or distribution centor.

Additional tests Were rtcommanad to validate thw conclusions of .r. .
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Gardner and Moon regarding the carburetor detergents.

Education Program. The carburetor ice report also suggested a

program to fill several serious holes in carburetor ice awareness

among pilots, aircraftmanufacturers, and aircraft accident investiga-

tors. It recommended preparing a pilot-oriented paper for wide

distribution, discussing carburetor ice, its effect, and the pilot

techniques available to cope with it. A second recommendation was

to develop, in concert with the manufacturers, a set of consistent

operating procedures which would be both effective and appropriate

for the various aircraft/engine combinations. A final recommendation

proposed a training syllabus to ensure that FAA and NTSB accident

investigators are fully aware of carburetor ice and the techniques

for detecting it after an accident. This would, it was hoped, reduce the

number of accidents that are mis-classified as "engine failure -- un-

determined cause.

Additional Research. The report also recommended that carburetor

ice research not be limited to the fuel additives, but be ex-

panded to include such ideas as siti-adherent coatings and ice detec-

tors.

Objectives of This Study

The overall objective of the carburetor ice flight test was to

validate the effectiveness of EGME as an anti-carburetor-icing fuel

additive. The primary emphasis was to be on its effectiveness at

the normal concentration of 0.15%.

Secondary objectives included establishing the environmental

conditions over which the carburetor is likely to form ice and to

masure the rate of ice formation,

Additiormvl objectives werq to Include determining the effective-

nae of various procedures for do-icing a carburetor and to estimate

the mx~iWA onit of icing that ,could be safely tolerated.
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TEST EQUIPMENT

Aircraft Description

The airplane used for this test program was a Piper PA-23-150,

Apache (serial no. 23-130). The PA-23 is a twin-engine, low-wing

airplane equipped with two AVCO-Lycoming 0-320-A air-cooled engines.

The test airplane was equipped for instrument flight and included an

altitude reporting transponder, two VDR/ILS receivers, and an ADF

receiver in the radio/navigation package. Aircraft specifications

from the airplane manual (7) are shown An Table I.

The test airplane was equipped with two newly remanufactured

0-320-A3B engines. These engines were romanufactured to zero-time

tolerances by AVCO-Lycoming and had serial numbers RL-748-27B (left)

and RL-3107-27B (right). Overhauled hydraulic pumps, propeller gover-

nors, and propellers were also installed prior to the start of testing.

Engine instruments included tachometer.p manifold pressure gauges,

inlet temperature gauges, and the normal oil pressure, temperature,

etc. instruments. The tachometers were calibrated by AVCO-Lycoming

at the time of engine installation, using a reed-type vibration indi-

cator. The manifold pressure gauges were calibrated by checking the

indicated pressures against an PAA-certified altimeter and converting

the indicated altitudes to pressures using a standard atmosphere table.

All temperature probes, except the EGT, were checked against an ASTM

certified thermometer.

Prior to beginning the flying, ALCOR exhaust gas temperature (EGT)

analyzeate ere Installed in each engihs'a exhaust system to read the

CO1br achi cylinder. At 9he sam. tin., Richter carburetor air temper-

AA = 4 A.JMWW1
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De •cription Value

Engines 2 Lycoming 0-320-A
Horsepower 150 hp at 2700 RPM
Maximum Takeoff Weight 3500 lbs
Empty Weight 2261 lbs (Note a)
Useful Load 1239 lbs (Note a)
Wingspan 37 ft
Wing Area 204 ft 2

Length 27 ft 1 in
Height 9 ft 6 in
Propeller Diameter 76 in (nominal)
Power Loading 11.7 lbs/hp
Wing Loading 17.2 lba/ft 2

Fuel Capacity 72 gal (432 Ibs)
Wheel Base 7 ft 3 in
Wheel Tread 11 ft 3 in
Maximum Level Flight Speed 157 knots
Normal Cruise Speed 141 knots
Stall Speed, Flaps Down 51 knots
Sea Level Rate of Climb(buth eng) 1350 ft/min
Sea Level Rate of Climb(single eng) 240 ft/mtn
Service Ceiling 18000 ft
Single Engine Absolute Ceiling 6750 ft
Fuel Consumption, 75% Power 18.8 gal/hr
Fuel Consumption, 65% Power 16,3 gal/hr

Note a: Specific value for Airplane S/N 23-130

TABLE I

SPECIFICATIONS FOR PA-23 AIRPLANE

* ..4-,
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ature probes were installed in the carburetor venturis.

'he fuel system of the PA-23 consists of two 36 gallon nylon and

neoprene fuel cells located outboard of the engine npcelles. Normally

each tank delivers fuel to the engine on the same side of the airplane.

With the exception of specific tests (described later), the normal

arrangement of right-tank-to-right-engine and left-ttnk-to-left-engine

was followed throughout the program. Normal 80 octane aviation gaso-

line was used where available. 100 LL aviation gasoline was substi-

tuted when 80 octane was not available.

The same fuel was used in both tanks, except that efter the initial

testing, 0.15 percent by volume ethylene glycol monomethyl ether was

added to the left tank using aerosol spray cans. The EGME used was

Prist(R) manufactured by Houston Chemical Company. Periodically

during the testing, fuel from the right tank was used in the left

engine to confirm that it was still susceptible to carburetor icing.

On several occasions, fuel from the left tank was fed to the right

engine to determine the de-icing capability of EGME.

Instrumentation
All date was hand-recorded,, The flight parameters of interest are

listed in lable II. Aside from the free air temperature and th& wet

bulb thermometer readings, all test data were obtained from the air-

craft instruments. The temperature/dew point date was obtained from

a Fisher Scientific peychrometer which was extended through the pilot's

clear view window. All data listed in this report will be expressed

in terms of calibrated data.

Test date was recorded at fifteen minute intervals except where the

icing rates vere occuring rapidly. In these caues, the date was recorded

at shorter intervals as necessary. On ccasion, one minute intervals

were required.
41/

j ••
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Additional Equipment

Periodically throughout the testa, fuel from the left tank (with

EGME added) was withdrawn and analyzed for EGME concentration using a

freeze point determination. The test consists of adding 10 ml of

distilled water to 500 ml of fuel in a separatory funnel, mixing well,

and withdrawing the water. The EGME in the fuel will migrate to the

water and lower its freezing point by an amount proportional to the

concentration. The reduction of the freezing point is measured

wji-'h Ln ASTM certified thermometer, A calibration chart (8) provided

the -. ,nversion to yield EGME concentration in the fuel sample.

k I

I,,
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METHOD

Flight Profiles

Two flight profiles were used to obtain carburetor ice. A normal

profile was used for steady state icing at cruise and higher power

settings. A descent profile was used to obtain carburetor ice

during descents at reduced power. Early in the program, descent

power icing was attiempted using one engine at normal power and one

at reduced power. However, the differences between the icing rates

as a function of the power made interpretateion difficult. As a result,

the descent profile was adopted. Although less precise, it does

show differences between the two engines.

Normal Profile. Once the altitude and geographical location had

been decided upon, the airplane was flown to the particular area (usually

this was a holding pattern near the Springfield, Ohio airport), and the

desired flight conditions (throttle, propoller, and mixture settings)

established. The airplane was flown in these conditions until a power

lose rate could be measured or the absence of ice confirmed before

changing either the test conditions or the geographical location.

Descent Profile. In order to obtain data with near idle power, a

descent to a nor ail lending was made from appruxinmtely three to four

thousand feet. Carburetor heat was not used during this descent.

Following a normal landing, the aircraft was taxied to the parking area

and a carburetor ice check made to se how much ice had accumulated.

Test Procedures

The typical test flight wee conducted with a crew of two pilots

under instrument flight rulse. The only exceptions to this were those

vi,... ,~

S I = ' ,r., . ....... .. .. . . .
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flights made at altitudes ýelow the minimum IFR altitude, which were

made under visual flight rules. [hese typically included a few

low altitude (200a or 2500 feet) steady state flights and several

flights where a series of VFR landings were made during the day as

the temperatures warmed up. Additionally, some date was obtained

on cross-country flights with one pilot aboard the airplane. ATC radar

coverage was used on all flights except those in the immediate traffic

area of an airP.•,t.

All flight procedures used were "normal" PA-23 operating pro-

cedureo (7), except as notedb

The carburetor heat function wae tested during the engine run-up to

ensure that heat. %ao ayailalp,.. Following thia check$ carburetor. hat1

was only used in-flight, or. ar~ter land4ng to test; for ice formation (or

as a lsat resort for, safety of, fi*ght).

Test , Cnrbpcpt, Ieg, fErg,•t•ig, The accumulation ,of carburetor

ice formnatign, we mppAPr' d,,by, recowd~ng tho manifolrd., pessure drop!

S(rroj%,0thm.,EGI distribution',) a

functigrp, of,; t",,. O~p, a ,ppqr.lps. hO, ,daveloppd.,to a .signif icant

d•g•re carb Ftqr,,iqp w v•r¢tf.iedby appýyingfuJl 'heatifora auofti-

cint , .to , r qy .th, .iqq, an0 npt wg, .te, ..tqcregas., -in, manimfold prve-
su• 9 fq• 4• it,e rI .lA T•,~, aqwt~,4, o(,• ie, was msmuurin4 by,. tI=•,

: ur,ý

aa

UrIwoAt*- !1Ite~ea

a rOP sm mqr, R.OM. r 1 A 1.
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were opened to fifteen inches of manifold pressure before conducting

this check for ice formation.

Operation of EnQine Controls. In the normal profiles, following

arrival at the holding fix, the power was set to Lhe manifold pressure

or throttle position desired. The engine speed was set to the minimum

value giving smooth operation without the sound of laboring, subject

to Lhe limitations in the AVCO-Lycoming manual (9).

Lxcept for those tests where the mixture was to be operated at

full rich, the mixtures were leaned to the degree recommended by the

manufacturer. The mixture was leaned until the hottest cylinder reached

a peak or the reference temperature us'd in the ALCOR calibration (equi-

valent to 65,, power). The hottest cylinder was usually number 3 for

the left engine and either number 3 or 4 for the right engine. At some

low power settings, the engines ran rough before reaching peak EGT. In

these cases, the leanest mixture giving smooth operation was used.

During deucents, the engines were operated full rich.

Throttle motion was restricted during normal profiles by tightening

the throttle quadrant friction to the maximum value.

,rwirotmental Data. The environmental conditions were measured at

the beginning of the teat immediately after the engines were set. to

the desired power. Temperature and wet-bulb temperatures were monitored

throughout tle flight and changes noted. A note was made if the flight

was made in cleouds or in rain. In the case of dencent profiles, tle

reported temperatures and dew points were based on ground date. If

official weather data was evelleble at the airport of landing, then

tha•e valuee were used. If not, then a wet and dry bulb temperature

reading was made following engine shut down.

The dew point we; calculated using the tablee mad equations of

Reference (n2)o

V ' '
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Fuel Additive

The initial tests were made with no EGME added to either fuel

system. This was done to verify that buth engjines3 were equally

susceptible to carburetor ice formation. After approximately

thirty hours of testing, predominantly at 75% percent power*, no

difference in engines could be detected. At this point, EGME was

added to the fuel in the left fuel tank.

At intervals, the left engine wasO operated from the right fuel

tank using the crous-feed. This was done to ensure that it (the

left engine' would still ice up when operated on normal aviation

gasolinc.

Also at intervals, the treated fuel was fed to the right engine

after carburetor ice had formed in an attempt to determine the do-icing

capability of EGME treated fuel.

Fuel Additive Addition. The ethylene glycol monomethyl other

wau supplied in herosol spray cans with an adapter to Fit over the

end of the refueling nozzle. The ýGf1E wasn Prist(R) brand, manufac.-

tured by Houaton Chemic~al Company. Because the spray cone were designed

for the higher flow rates of turbinte refueling trucks, the Pr4'9t(R)

flow rate was in excess or that needed for aviation gasoline.

The cans were set to deliver 0.15?% of EGME at a fuel flow rate of

30 gpm. Duiring the addition of EGME to aviation gasoline, a calcu-.

* lated spray rate of 2 seconds of spray per gallon of gasoline was.

used to deliver the optimum concentration. This flow rata was begun

five to ten seconds after fueling wa, started and continued until the

desire,3 amount of EGME had been delivered.

Fuel.Aditive Analhsis. At intervals thrw'~ghout the testing#

raples of ruel were withdzavan Vram the left fuel tank, using the

tank drains. The EGME concentration warn analyzed using the Vruezm

STim high power settings were required to breek hi the newly remenu-
featured engine. according to AVCO-Lycoming recomoundaticins.

* -~-.--**.*a
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point method (8). This involved draining a 500 ml sample of fuel

from the tank. Except for one analysis, the concentration agreed with

the predicted value within the experimental error of the analysis.

On one occasion, the concentration was much higher thar expected.

One gallon of fuel was drained, then a second 500 ml sample was obtained.

"T'his second sample analyzed as expected.

Based on a ropeatability of the freeze points, the results of the

analysis are considered valid to pitls or minus 25%. Aside from the

one test described above, all analyses agreed with the concentraLion

calculated from the Prist(R) flow rates and the amount of fuel delivered

within this error.

ITS

I.
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RESULTS

Prenentation of Data

The power losa; rate was found by dividing the amount of power re-

gained (following the application of heat) by the exposure time. Thin;

results in a rate of ice formation in terms of inches of manifold prosiure

lost per hour. These rates are grouped into several classes of icing

severity. While these classes are arbitrary, they do serve to indicate

tha rate of ice formation.

To aid in interpreting these classifications, the expected time to

engine failure can be estimated from the rate of manifold pressure loss.

Approximately ten inches of maiifold pressure loss can be expected to

cause engine failure. This figure was found from the minimum tolerable

manifold pressure (fifteen inches) found in the early testing and from

the maximum available manifold pressure of twenty-five inches at low

cruise altitudes. Table III lists the severity classifications in terms

of manifold pressure rates and times to engine failure.

During descents, it was not possible to obtain rates# only the total

manifold pressure lost during the descent. This is caused by variations

in the amount of power used during the approach and the timea of the

approaches. These varied considerably, usually because of ATC constraints.

As a rosult, the very rough clasaifioatims of light, modersto, and heavy

will be used, based simply on the amount of manifold pressure drop noted.

"Direct copaariave between steady state ,.Wd descent classifications should

b,1 astided.

The offs, t of altitude, thr -'ttl .osition, and powr developed ate

-, ... .... . . . r f... , -. .t.
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all interrelated in a normally aspirated engine such as the 0-320. For

this reason, it is difficult to separate the effects of variat±ons in

Sall of these parameters. The variable that appears to be the most sig-

nificant is the throttle butterfly angle or throttle position. There-

fore our data are grouped by throttle position rather than altitude or

power developed. The data are grouped by "High," "Medium," "Low," and

"Descent" power. The throttle positions corresponding to these groups

are:

High Power Throttle greater then 2 units.

Two units corresponds to a power
of 73% at 3000 f t.

Medium Power Throttle position of two units or less,
but greater than 1.5 units. A setting
of 1.5 units corresponds to 60% power
at 3000 ft.

Low Power Throttle position of 1.5 units or less.
The approximote minimum throttle setting
used wee 1.25 units.

Descent Power Power used in a normal descent to a
" lending (see descent profile). The
throttle was not held fixed, nor wvre
the actual positions recorded.

The scale of units was such that a closed throttle wee zero units and a

full throttle was 3.5 units.

The effects of mixture and engine speed were ignored during most of

the teating.

Effect of E-I.lAdditin --- Norai CruvSi

The results of the carburctor Icing teast are sumuarized in Figures

2 through 4. Figure 2 shohm the reaulto for high oruise powerm Figure 3

ahows the results for medium powar, and Figure 4 *hove thelowpoWr results.

Each figure ohos the data for the ,ngv e qratod ,with 0.15, EGME added

to the fuel , the at fr contr V w separately. The vast

maj~orlyo "It? a', 0ý*ota a '0 Fo"r.at~ thq 44ate wern meseured. an

the ~ ~ ~ ~ ~~~~0 on 'tho '~4mu~ ~fe*,pe~ pat~ heEM-de
.. f~ 7 ...



.7 CAF

T ~ T.

.(A) 0.15% EGME Added to Ful I . . -..- 1~

Tr c -. -

1-r4

U-'.



F IGU-21-

- - . CARBURETOR ICEs HIGH POWER -{

... ..... ....

- - -- -. :. - (B) No Fuel AdditiveI

no~i -r -Iac

:..i> Lr4ji9iNoj *Ice~ 7... 1* A ,a

- ---- Tj4-- _7I-4~ . . .

- -Flo god symbols (b0)

indls 0 &..

K.:~I T. t. i . ..i *, r-

J.~)



7 4 1 -~ 
T

1IT

_7_~

I. -
-

-r 

- -' 
7 :

2 -. 1 * .. -t.

- ~ _ .T ,K 7C :
- ...- 

---.-. .. . - -
.- ~.. .:}::~:~I.............



7 -22-

-------------

>4 4-
4-i

j 2.

..... ......

- ---- --- ---- ain



CARBUI1

7- -

4+ :4..r

Hev :.. .4 . i...

A.~J~iin



t -+1 -11-23-

'. ~4 '.j .... .. ~~E L ,. -

4..

itf

1 ) -. - F IaGgRd 4yi~ ...... ..... .. . -... .. C

i .t .. .... ..



-24-

There are some points for the control case where no data was obtained

for the EGME added case. These points currespond to data taken with both

engines operating on straightgasoline or a reduced concentration of EGME.

Figure 2 han more of this uncorrelated data since many of the early flights

were made without the addition of EGME arid were made at 75% power to break

in the now engineu.

Hi.jh Cruise Power. As can be seen in Figure 2, the likelihood of

encountering severe carburetor icing is quite small at high power settings

oven withotut EGML added. The worst degree of icing encountered was 'moder-

ate" for the control engine and "t'ace" for the test engine (with LGME).

Medium Cruise Power. As the throttle is operated more and more in

closed ponition, the likelihood of encountering carburetor ice is greatly

enhanced. This is evident in Figure 3 from the greater extent of icing

in termu of temperature and dew point. At the same time, the maximum

severity of the icing is increased. For the non-EGME case, the worst

case of icing was "severe." The maximum rate of icing found was 58.6 inches

per hour. For the tout case with EGME added to the fuel, the worst case

of icing was "moderate," with a rate of 8.2 inches per hour.

Low Cruise Power. The limited amount of data did not show any sig-

nificant difference between the low and medium power settings. As.

can be seen iin Figure 4, the maximum severity was still "severe" for

the control case, and "moderate" for the test case. The rates corresponding

to these worst cases were 38.0 and 9.2 inches per hour. There was an

indication that the region of severe icing was slightly more extensive

for the low power ees.,

0jerall Reduction in Rate. On the overage, the rate of carburetor-'

icing wau ouch loes with EGME addid to'the fuel. The rate of' the Oto-

teacted engine was two percent of the rate' for the unprotected"engine

for t4e high cruise power 6acm. At i~ium poier, tIhi re'ltiVe rit~e

WOO 19% for. the protected Onginwa; and at rl., power the protected engine
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ices at a rate of 26% of the protected engine,

Effect of EGME Addition -- Descent Power

F'igure 5 shows the results of the carburetor ice encounters during

approach and landing. Because of the non-steady-state character of the

profiles, the actual rates and environmental conditions are less e xact

than the utLady-utate data previously discussed. The worst case of icing

for the control fuel case was "severe." In this instance, the control

erngine failed during an instrument approach and a single-engine landing

was made. The worst case of icing' for the EGME-added engine was "heavy,"

with an actual power lose of 1.2 inches of manifold pressure.

While the descent profile was less exact in defining the environ-

mental conditions and in measuring the rates of ice formation, it did have

the not inconsiderable advantage of producing correlated data whereby each

data point allowed a direct comparison of the test engine and the control

engine. On the average, the rate of icing was forty percent with EGME

of that without EGME.

The effect of EGME appeared to be somewhat more sensitive to the

specific environmental conditions during the descent profile. There were

certain regions in the temperature-dew point plot where the icing was

worse with EGME added, T'his is shown in Figure 6.

As can be seen in Figure 6, there is a region of the temperature-'

dew point plot around T=60F and DP=60F, where the EGME appears to increase

the icing during the descent. There is a region around a dew point of

10 to 15 F where this may also be true. In both of these regiona, the

limited data available shows an increase in icing with EGME added to the

fuel. There is. also a region neo 50 F where the icing rates are the same.

Efrest of EGM Addition .- Non Ootgi Amm Conctntrtion"

Three encounteo. with carburetor Apo wre made with the concentra-

tion of EQI int ntiont lly roeduc.a, to,, aWAut two-thiros of the optimum

li I : '. . + .
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value of 0.15%. Twice tCe concentration was 0.12% and once it tins 0.100.

The data obtained with this substandard concentration has riot been included

with the previous data, but is listed in Table IV.

It should be mentioned that the while the r ormoul concentration of

EGML in the test fuel wae 0.15,% (volume percent), the actual concentration

varied from 0.130' to 0.07,0 because of crrors in mixing the additive from

the aerosol cans.

Effect of EGMC Addition -- De-lcinq Capability

On several occasictiu, after carburetor ice was allowed to form in

the carbui'rtor of one of the engines, the fuel ,'pply was switched from the

control (LGUC-free) fuel to the fuel containing EGME. Table V shows the

results of this procedure. It would appear that EGME in the fuel con be

used as a de-icer as well as an anti-icing additive. It is not clear,

Izjwever, exactly how this would be managed in practice.

Cop arison of the jcingCharacteristics of the Two Engines

One question that arises when two engines are used, one for a con-

trol and one for a test engine, is "How do they compare under identical

control conditions?" Since the eirlý part of the test flying was per-

formed under identical conditions (using straight aviation gasoline in

both engines), chiefly to refine the test proceduren and to break in the

newly remanufactured engines, this comparison was obtained. In addition,

several times during the testing, the left engine was operated from the

right tank usIng crossfeed, and carburetor Ice data was obtained.

A nompariaon of the encounters with both engines operating on stock

fuel bhows hthsn the average rate of icing for the left engine was 1.87

times that of the right engine. The correlation between the two rates

was 0.99. Thus, if anything, the engine used to teat the EGME was slightly

more prone to carburetor ice then was the cuntrol engine.

ý'r
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Flight Conditions Carburetor Monifold Presoure En'-ine
I emp. D, P. Power Icinq Rate Luat Regained'

63 F 54 F Medium 7.6 in/hr 1.9 in 1.8 in Left
(Moderate)

63 F 54 F Medium 4.0 in/hr 1.0 in 1.0 in Right
(Light)

58 F 51 F Medium 34.8 in/hr 3.9 Th 1.9 in Left
(Severe)

57 F 52 F Low 12.0 in/hr 2.3 in 2.3 in Left
(Heavy)

54 F 54 F Low 21.6 in/hr .1.8 in 1.8 in Right
(Severe)

TABLE V
UA.
USE OF EGSI AS A DE-ICER

' i

• , . ., ... . , . ' .
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Comparison of Other Operating Variables

Several other operating p&rameters, while not listed in the objec-

tives of the program, still warrant mentioning.

Altitude. There was a correlation of carburetor ice formation with

altitude. Very little ice was encountered above six thousand feet. This

is almost certainly the effect of the wide open throttle sattings neces-

,a.ary to maintain power at the reduced air densities.

Mixture. Five carburetor ice encounters were made with both engines

operating on stock gasoline, but with one engine leaned and the other

enriched. As discussed earlier, the early NACA work by Coles (3) and

the reports by Diblin (6) do not agree on the effect of mixture. While

the sample size is too small to justify any statistical test, the engine

operated with a rich mixture had an icing rate approximately thirty-nine

percent greater than the engine operated with a lean mixture.

Throttle Motion. On one occasion, after carburetor ice had formed

in the right engine and power had decreased sever'al inches, the throttle

was closed and reooened to the same index. The engine recovered almost

all of its 'lost" power with this motion. Probably the movement of the

throttle broke off the ice that had formed.

Carburetor Air Te nerature Gauges. The carburetor air temperature

gauges did not appear to be especially valuable tn determining if the

conditions were right within the carburetor for the formation of carbu-

"retor ice, For the most part, the temperatures were in the range of

-4 to +4 degrees C and seemed to be more a function of throttle posltion

than of outside air temperature. Several times, carburetor ice formed

with indicated temperatures well outside the yellow band of -10 tu +5

degrees C.

Exh•.et Ges. TemeeIture ,§M# The EGT varletiona did point out

changeo in the mixture as carburetor ice formd. Quite often this hap-

pen~d. at icirg rates t0 alow to de~ot-t * Ya.iW ith ttw manifold ...

, . . ., . .. , .. • t L•.'mL.e
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pressure gauge. However, the minute to minute variations of the EGT

and the difficulty in recording the many temperatures necessary to

get a trend would seem to rule out the EGT as a tool for carburetor

ice detection.

Variations within the Atmosphere. Most of the data was collected

while flying within a very small portion of the atmosphere. Neverthe-

loas we did note that there were temperature, dew point, and icing

rate variations on a fairly small scale. Based on subjective obser-

vations, we do not feel that the average pilot would remain very long

in conditions conducive to carburetor ice without flying out of these

conditions. (The obvious exception would be instrument rated piloto.)

Tho conditions favorable for carburetor ice are more common then are

commonly believed by pilots; howevert few of them are exposed for a

significant length of time at any one exposure. Thus, they may well

miss-detecting the loss in power.

Several times, data was lost during flight because the airplane

flew into conditions in which the ice was lost. This was noted by a

slow drop in power, but before the ice detection could be confirmed by

applying carburetor heat, the engine spontaneously regained its power.

Almost assuredly, these drops and regainings of power were caused by

carburetor icel nevertheeesa., they could not be confirmed as such. These

conditions were noted as "trace" if nc additional data could be obtained

on..that flight..

VI"
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DISCUSSION

Several areas warrant further discussion. These areas are the gen-

"eral topic of EGME's effectiveness, the techniques For obtaining and de-

tecting carburetor ice, and some unresolved points concerning EGME and

uarburetor ice.

Effectiveness of EGME

Bused on the results of the testing, the use of EGME appears to be

very attractive considering its effectivenoss during the cruise porti.on

of flight. While it does not totally eliminate the formation of carburetor

ice, it does greatly reduce both the maximum intensity and the extent of

the conditions in which carburetor ice will form. In cruise conditions,

the use of EGME appears to completely eliminate both heavy and severe

carburetor ice.

If we pit this in other terms, the predicted time to engine failure

from carburetor ice (with EGME added) is of the order of two hours. The

typical VFR pilot will not be likely to be flying in conditions conducive

to carburetor ice for longer periods. Therefore, we consider it highly

likely that EGME would prevent VFR carburetor ice accidents during the

cruise or higher power portions of flight. This would not be as true

for the IFR pilot, who might well spend two hours in the more intense

regions of the temperature-dew point plot.

Thb effectiveness of EtME appears to become less at the lower power

settings (more restricted throttle opehings). At high power, the EGME

protected'engine had in average l i "igwete d 21 of thir uhprutectd en-

gi'e. As the throttie w% ea'O6 'itid mate arnrkt lue 16 t6h oloded positiOn,

this rate increased ulitive' to the utiprotdoted bnginb ' Whili it never'

did reach the average of the .unprotected engine, the effectlvanoee of
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EGME at idle or near idle power is not as clear. In particular, it

would seem that conditions close to 40 F and near saturat ion generate ice

equally with or without EGME (at descent power). More interesting (and

more critical) is the observation that some conditions actually may pro-

mote ice formation with EGME added to the fuel. These conditions are

60 F and near saturation or temperatures of the order of 20 to 40 F

and dew poiiits or 10 to 15 F. Nevertheless, on the whole, the addition

of EGME does seem to have an overall beneficial effect on the prevention

of ice during the descent, but not as great as during cruise.

Figures 7 and 8 show the overall summary of the flight test data

fairirig in tho regions of light, moderate, and heavy icing both with and

without EGME added to the fuel.

• I Carburetor Ice lechnirues

Based on a now considerable experience in flying engines in conditions

that generate carburetor ice, severa.l comments regarding pilot techniques

can be offered.

Ice Detection. The beat available instrument to detect carburetor

ice appearn to be the airspeed indicator. If the airplane iu flown so as

to maintain a constant altitude, then the most sensitive instrument and

the one moat in the pilot's field of view is the airspeed indicator. Many

times during the testing, a considerable amount of airspeed was lost (ten

to twenty knots) before more than one inch of manifold pressure drop was

noticed.,,

The second beat instrument would be a manifold pressure gauge. Granted

that neither the sirsoee nor the mnifold pressure gauge meaeures ice forms-

tiono either will serve to show tho power lost by the engine(s),

TI!,¢oe~bu•stor ,a!r' t .,tFtrpe gauge did not app..; to be mevi-

tiv. .. ... to .*h ,." . t: . k th. i; . .rb 'rtor, not did

it W, 4roksx . w p.4., 'it ,. A 6406 pAiok, m .t ht wtuolly be

., .. .7 .
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FIGURE 7

CARBURETOR~ ICEs CRUISE POWER
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FIGURE 8

CARBURETOR ICE: DESCENT POWER

SUMM4ARY OF FLIGHT TEST RESULTS
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lulled into complacency by temperatures in the green as ice was forming

within the carburetor. The mixture analyzer (multiple EGT) did show

variation in the mixture as ice was forming; however the complexity of

such a device would tend to rule it out as an ice detector. It dnes

have fwuerai other usen, however.

* In the absence of a proven carburetor ice detector, the manifold

presuure gauge (or the airspeed) would be the preferred carburetor ice

detector, with the rultiple EGT a distant second.

Recovery from Carburetor Ice. Quite often, after a considerable

amount of carburetor ice had formed, the amount uf heat was not enough

to rapidly melt the ice for a few secnnds. Several timeu these few uoe-

onds developed into two or three minu.tes. This wan clearly the result

of insuf•Fclent power available to generate the heat necessary to warm

the M.ncomingr ait. The solution to this problem is two-fold. Opening

the throttle while applying heat may make the difference between a slow

or non-existent recovery and a fast recovery because of the additional

power and heat available. Throttle movement may also break off the ice

that has formed.

A second solution is to keep the engine parts warm by periodically,.

"1learing the engine" by brief additions of power. Both the increased

heat through the carburetor heater and the throttle movement will pre-

vent a significant accumulation of ice and will also keep the metal

parts hotter.

-Additipn of In "By the Can." The EGME in this study was added

during aircraf't refuelin using'an aerosol can. While only One ihslyia.

W-38 seriously out of tolerance, the concentration did varj from tankful
to tankful. It would sem r"••aenable to 99p Ct ihst typical general

aviao pilots and' line personnel would not be as carwful in the addition

additive (it required the use or a *tW*atch and a pocket calcula.-

"---"---------------
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tar to monitor the concertration). Very likely, if Prist(R) or similar

cans are used widely in general aviation piston fuel, then some over-con-

centrations will result. It is not clear what the effects of these high

concentrations will be on engines or fuel systems. Therefore, we can-

not support tho use of EGME addition into the tank directly by the pilot

or line personnel on a wide busio. If aerosol upray cans with flow rates

appropriate for yasoline delivery are available, we may modify this state-

ment.

Unrenolved Points in the Tenting

1Three uopectu remain unreuolved in the flight testing of EGME aiu tin

anti-icing additive. Theia are: the overall descent data is incomplvLo,

', effect of non-optimum concentrations should be looked at, and the long

term effects of EGME have not yet been examined.

Dencent Data. The descent data (Figures 5 and 6) has raised some

questions concerning thb effectiveness of EGME in the regions near 60 F

and near saturation and at low dew points (10 to 15 F). Part of this problem

is the imprecise nature of the descent profile. The descent profile was

not an original part of the flight teat pJln, but was added part way through

the program to obtain valid descent data. Because of its imprecisei nature

(environmental data cainot be maintained, nor can steady-state profiles

be flown), wore data samples are required to drew covclusion. then for

the steady state cruise conditions.

The descent profile as flown in these tests was somewhat varied by

ATC constraintna. Because of the low priority of this data, no effort was

made to coordinate and fly consistent profiles. Therefore, any follow-

on testing ehould emphasize rhe need for repeatable descent profiles. This

testing wi4l always be loss precise than cruise teating, however.

No eplnmstion can be sdvonces.. for the eppsrent Increased tendency

of engines operated with E£W9 to ice up at conditions approaching TU60F.

The 4ow temoeerture ohihr,comunt of carburetor icing can be sxpliined

hy the lowering of the freezing point of water by EGE. if the freezin g
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point of the condensinq water in the carburetor is lowered to about 15 F,

then we might expect the carburetor icing to be worse as the dew point

approaches that value. The non-EGME engine will have ice crystals con-

densing out of the air -- too cold to freeze to the carburetor structure.

The engine operating with EGME-treated fuel will have ice/water condensing.

While this explanntion is more of a rationalization, nevertheless the prob-

lem should be examined more carefully before mandating the addition of

EGME to aviation gasoline.

Non-Optimum Concentration of EGME. It ý'is been reported that the actual

concentration of EGME in turbine fuel may be reduced to one-third the value

at the refinery because of leeching out by ambient moisture (_.). If this

is true, then additional data should be taken with the EGME concentration

"reduced to this value. The preliminary data taken with about two-thirds

the optimum concentration indicates that this level of EGME will still bu

effective during cruise. The choice of two-thirds of the nominal. concen-

tration was dictated by circumstances, Following flights with nominal

concentrations, the EGME was diluted by topping off with additional F'uel

and no EGME. The resultant concentrations were as shown in Table IV.

Long Term Effects of EGME. Two areas of concern with the long term

use of GWME are the loss in concentration as the fuel is stored in an air-

craft gas tank and the effect of continued use of EGME in the fuel for

extonded periods of time, both service time and calendar time.

Many general aviation airplanes spend a great deal of time parked,

not flying. In particular, many do not fly at all during the winter months.

A serious question is "what happens to the EGIE. in ouch a case?" Does the

concentration remain high enough to be effectiv6 upon leaving storage?

Does the stored fuel react with the fuel Lanka in any fashion?

A second, more serious questiun concerne the effect of any fuel additive

or change to in engine operated over a long period of tim. Will the addi-

tion of EGW have any deleterious e*rect on the engine for a period of tims
,',: 'I,, =i
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approaching the overhaul life. In view of the problems of operating

engines on low-lead 100 octane gasoline, which only appeared after several

hundred hours of operation, this question cannot be passed over lightly.

1 i-

iI

>•,
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CONCLUSIONS

The addition 6f ethylene glycol monomethyl ether (EGME) to aviation

gasoline greatly reduces the formation of carburetor ice during cruise

power conditions. Both the extent of conditions producing ice and the

maximum severity of the ice formation are reduced. This is more pro-

nounced at the higher power settings. The use of EGME should prevent

virtually all cruise or climb carburetor ice accidents fbr VFR pilots.

Since over sixty percent of carburetor ice accidents occur during these

phases of flight, this would be no small benefit.

There do appeor to be certain environmental conditions which make

the use of rCmE less favorable during descents. Certain dew point/temper.-

attire combinations produced more ice with EGME-treated fuel than with

stock aviation gasoline. These-conditions should be examined further'

before drawing any conclusions regarding the effectiveness of EGME in

preventing carburetor ice during descent conditions.

P. The use of aerosol spray cans (wiL-h flow rates designed for turbine

airplanes) is not a satisfactory ntens of adding EGME 'ýo the fuel Of general

aviation piston powered airplanes. While it is suitable for limited testing,

variations in the concentrations and the need to carefully monitor the

addition with a stopwatch and to analyze the gasoline periodically make

this technique impractical for most operators.

Carburetor air temperature gauges do not appear to be a reliable meams

of monitoring the carburetor for conditions conducive to carburetor ice

formation.

.!.
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RECOMMENDAT IONS

1. Subject to satisfactory results from the tests described in

rocommendations 2 and 3, the addition of ethylene glycol monomethyl

ether (EGME) to av.iaticm gasoline is recommended.

2. The effectiveness of EGME in preventing carburetor ice during

des•ent power flight should be more thoroughly investigated in those

environmental conditions whore the data to date indicates a pousible

increase in icing with EGME-treated fuel.

5. The long term affect of EGME on aircraft and engine syatoms

nhnuld be examined over a period of operations approaching the overhaul

cy(le.

4. The effectiveness of EGMtE at one-third the nominal concentra-

tion should be investigated during cruise power flight and during descents.

5. The storage of EGME-treated fuel should be examined with partic-

ular regard to long term storage in aircraft fuel tanka.

6. The effectiveneas of commercially available carburetor ice detec-

tors in providing adequate pilot warning of ice formation should be examined.

This testing could be conducted in parallel with the teats in recommsndations

2 and 4 above.

- - .*ii't
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CONDITIONS LEFT ENGINE RIGHT ENGINE
T DP- WX ELEV ?%EGME CTT MPL CI'T*TP

9 0 1050 0.15 -- nil -- nil
19 19 840 0.15 nil -- 0.5
20 14 1050 0.14 -- 0.8 -- nil
25 19 1050 0.16 -- nil -- 0.6
28 16 1210 0.16 -- nil -- nil
39 16 1050 0.15 -- 1.0 -- 0.2
39 38 1050 0.14 -- 0.4 -- 0.4
40 30 1050 0.16 -- 0.6 -- 1.0
40 34 1050 0.15 -- 0.4 -- 0.7
41 39 IR 1010 0.15 -- nil -- quit
41 41 R- 980 0.15 -- nil -- 0.7
42 29 1050 0.16 -- nil -- nil
42 42 1050 0.14 -- nil -- (*)
43 18 200 0.15 -- nil -- 0.8
43 29 1050 0.12 -- 0.8 -- 0.6
43 36 1050 0.15 -- 0.1 -- 0.3
45 14 1050 0.14 -- nil -- 1.0
45 30 980 0.14 -- nil -- nil
46 41 H- 490 0.15 .- nil -- 1.2
46 42 1050 0.15 0.1 -- 0.2
49 45 1050 0.15 -- 0.4 -- 1.1
50 %6 1050 0.16 -- 0.2 -- 0.,
51 25 1050 0.14 -- 0.6 -- 0.4

51 44 1050 0.15 (+18 0.2 +15 0.7
(+18 0.5 +10 0.5

52 15 1050 0.12 -- 0.8 -- 0.2
52 33 1050 0.14 -- 0.4 -- 1.0
54 44 1050 0.15 -- 0.2 -- 0.7
55 54 1050 0.14 -- 0.4 -- 0.1
57 52 .1050 0.15 -- nil -- 0.9
58 58 1050 0.16 -- 0.2 -- 0.8
59 59 1050 0.14 -- 0.6 -- 1.0
60 51 1050 0.16 0.9 -- 0.6
62 45 1(50 0.08 -- 1.1 -- nil
63 %9 1050 0.15 -- 1.4 -- 0.9
64 45 1050 0.15 -- nil -- nil
64 52 1050 0.15 -- 0.9 -- 0.1
64 57 20 0.15 nil -- nil
65 48 1050 0.14 -- nil -- 0.4
68 64 R+ 150 0.14 -- 0.2 -- nil
70 59 1050 0.15 -- 0M7 -- 0.5
70 65 20 zero -- (*) -. -
70 57 1050 0.16 -- nil 0.4
75 57 2n 0.13 -- nil -- ,1i1

( +8 0.3 +10 0.6
77 58 1050 0.15 (+10 0,5 +10 0.5

(+10 1.1 +10 0.8
79 50 1050 0.15 -- 0.2 -- 0.0
80 58 1050 0M15 +10 01.5 +10 0.6
62 58 1050 0.15 +9 n~i 48 O..9
02 74 1050 0.15 -- nil -- 06

TABLE. A-5

FLIGHT TEST DATA
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b nita Definition

T deg F Free Air Temperature

DP deg F Dew Point

WX C= Clauds; R = Rain;
R- =Light Rain;
R+ Heavy Rain

ALT ft Pressure altitude

%EGME volume % Volume percent of EGME
in left engine's fuel

TP arbitrary Throttle position

CIT deg C Carburetor mixture temperature
(Carburetor Throat Temperature)

AEGT deg F Difference in EGT values during
carburetor ice tests.
AEGT is the change in the peak
cyliRber. AEGT is the largest
change in EGT o Cany of the cylinders,

MPL in Hg Manifold Pressure Lost during
ice formation

RATE in Hg/hr Rate of manifold pressure drop

ELEV ft Airport Elevation

FLIGHT TEST DATA

Symbols and Defin'itions
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